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FOREWORD

GD/A was requested by NASA-MSFC to review Centaur instrumentation

#elected for hydrogen boil-off and quality measurements. This

report includes a description and limitations of instrumentation,

metho's of obtaining results, and recommendations for improving

the measurement technique. An investigation was also conducted

to determine if boil-off measurements were possible with other

existing instrumentat on.
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SUH1IARY

As a result of a meeting with NASA-MSFC (Centaur neat rransfer

Review Meeting, January 4-5, 1962), it was requ-sted that a review

be conducted of the instrumentation for hydrogen boil-off and vent

fluid quality measurements for the Centaur vehicle. Accurate measure-

mots are important because boil-off and quality reflect the payload

losses as affected by he.t input and zoro-g separator operation,

respectively.

Two t3pes of quality are discussed herein: fluid quality and thermo-

dynamic quality. Fluid quality provides a measure of the separator

effectiveness for venting vapor. Thermodynamic quality is a measure

* of the combined separator-heat exchang~er effectiveness. This value

determines the quantity of hydrogen which must be vented overboard.

The present instrumentation consists of a mass flow meter, liquid

detector, and temperature and pressure devices located within the

vent system. From this instrumentation, the required inform.tion

will be obtained if the following conditions exist:

1. The separator must vent mostly vapor as ground tests

indicate.

2. The heat exchanger, installed as part of the vent system,

must be capable of evaporatingi up to 'A", 1b/hr of li,,uid,

s computed. 277 / y ypio-

Fluid quality measurements between 0.77 and 1.00 will be attained

within 2-3%, depending upon the ac'uracy of ideal gas flow rates.

Thermodynamic quality will be meastired within 0.21%, and vapor flow

rates ranging from 100 li/hr to 130,lh/hr will be me.,sured within

2% accuracy.
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The above conditions appee.r to impose no practical restrictions

upon the intended measurcmnts. Ground tests indicute the separator

under normal conditions will vent almost 100 vapor; under abnormal

conditions, when it no longer functions, almost pure liquid is

vented. If large quantities of liquid are vented, accurate measure-

ments will not be possible but it is obvious that separator mod-

ifications would be necessary. Additional information would not

be needed. Also, the high vent rate represents an extreme flow

measurement condition which is unreasonable to attempt.

An investig-tion was also conducted to determine if boil-off measure-

ments were possible with other existing instrumentation. Usable

measuroments of sec,,nd coast period boil-off can be obtained from

tl. 1quid-gas sensor In fact, the sensors will yield the data,

from flights Fl,and F2, of total hydrogen mass vented during the

coast periods.

-7-S)

As a result of investifrating the vent system instrumentation, it //
was concluded that the existing instrumentation would be adequate

for the existing zero-jg vent system. It is anticipated, however,

that future vent systems incorporated in the Centaur vehicle will

not include a heat exchanger. Therefore the need for a mass flow

meter does exist. Efforts are being made by GI)/A to initiate a

propos-1 recommending additional testing of the mass flow meter to

establish it's capability for two phase flow me tsurements. In

addition, it is sugg-sted that tests be conducted to accurately

ea-.re t.ne ide-a] gis flow rate throusrh the -eparator in order that

separator fluid quality of the early Centaur flights may he more

accurately determined.

i
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DISCUSSION

I . REQJIRED U EASURlEM[NTS

It is important to datermine the total quantity of hydrogen

which will he vented from the fue) tank (luring the parking

orbit and transfer ellipse of a Centaur mission. The vented

fluid represents payload loss and, therefore, reduction of

performance.

In general the quantity of fluid vented will be due to:

1. Boil-off resulting from heat transfer to the tank (luring

the coast periods.

2. The effectiveness (or ineffectiveness) of the zero-g

separator in separating gas from liquid.

Both Loil-off and quality measurements are required. The former

represents an expected loss, but one which must be accurately

determined for future evaluation of vehicle performance. The

latter may represent an unnecessary loss, due to liquid being

vented, which must be known in order to improve the effectiveness

of the zero-g vent device.

Two types of uquality measurements are i-nvolved. First, fluid

_quaJ~ity of hydrogen entering the separator, which is a measure

of separator effectiveness for venting vapor, Second, a thermo-

dynamic quality, which measures the effectiveness of the zero-g

vent device. The vent device consists of the separ..tor in

series with a leat exchan;.er. rherujodynarnic quality detorraines

the quantity of hydrogen which must be vented overboard during

any given venting cycle. Fluid quality is determined from vent

flow rate measurements. Thermodynawic quality is determined

from vent fluid enthalpy measuren.rnts.
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II. INSTIU.! :NTA'rIow

The instrumentitti for obtaining the required weasurements

are a liquid dot ctor, mass flow toter, and v.,rious presnure

and temper,ture devices. The detecter and flow meter are in-

stalled in the overboard vent line downstream of the heat

exchangers. A pressure transducer is loeated in the fuel tank

and one .it the exchanger outlets. A temperatdro probe at the

beat exchanger inlet and a differential temper.tture transducer

across the exchanger complete the instrumentation.

In addition to the above, specific knowledge of the separator

and heat exchanger performance is necessary to obtain wore

complete inforuation from the instrumentation.

The liquid detector is an optical device which will determine

the presonce of liquid droplets in a gas stream. It consists

of a light source to illuminate the droplets and a photo sensor

to detect reflections from the droplets. ilthough measurement

accuracy of the device is not known it is estimated that one

lb/hr flow of liquid can be detected. Siilar systems have

been used wf:ich can sense the presence of minute liquid droplets.

The detector cannot determine fluid quality.

The mass flow titer selected has the potential of mosuring

mass flow rates of two phase or single phase fluids. It

incorporates a rotor having two sets of turbine blades with

,,fferet, blade ac4en, evupled b., a spring anz capable of

relative angular motion with reAn-'ct to each other. hoasure-

onts can be obtained which are proportional to flow momentum

and average fluid velocity. From these a direct weasure of

mass flow is eftected.

2
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To date the/'low meter has been calibrated with a single phase

fluid only'. It is capable of measuring $0 to 200 lb/hr of

gaseous hydrogen within 2% accuracy.

The pressure and temper.iture measurem:,nts will be used to

determine enthalpy from which thermodynamic quality will be

obtained. Frobttank pressure will he determined heat of evap-

oration aud eathalpy of saturated liquid which correspond to

that pressure. The pressure and temperature mesuretrieuts of

the vent fluid will yield it'i enthalpy. The metsurement

accuracies are:

tank pressure + 0.16 psia

heat exchanger outlet pressure + 0.08 psia

heat exchanger inlet temperiture + 0.56011

heat exchanger differeutial temperature + 0.24011

The separat(r has been designed to vent about 100 lb/hr of Gil 2

from the Centaur under the expected tank pressure and temperature.

These flow rates have been substantiated with ground tests.

The design flow rate call be consicered as the ideal flow through

the separator because if a greater mass flow ocrurs, liquid

is being vented. Less than the ideal flow rate cannot exist

for a given set of tank conditions. Using the concept of ideal

mass flow, fluid quality measurements of hydrogen entering the

separator are possible.

The heat exchangers, which are downstream of the separator,

increasme the al ility of obLaining adequate boil-olf and fluid

quality data w-th the present instrument..tion, They lave a

computed capacity for evaporating about .0 lb/hr. of liquid

- - . . . . . . . . . . .. . ... . .. .. . . .. . . . . . .. ..3
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It
which may enter the separator. Since the maximum expected

flow rate into the separator is 100 lb/hr of GI2, the maximum

flow rate which can be accurately measured is 130 lb/hr. A

greater flow rate would result in two-phase flow through the

flow meter. Liquid would be detected and the flow meter would

indicate more than 130 lb/hr. Because the flow meter is not

as yet calibrated for a fluid mixture, there would be no means

available for interpreting the ffow measurement.

The heat exchangers also make it possible to measure thermo-

dynamic quality of the fluid exiting the hydrogen tank because

these measurements are possible only if 100% vapor exits the

exchangers.

4
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III. QUALITY 1M ASIREIINTS

Fluid quality measurements within the ran,,e of interest can

be dotormined with the exiating instrumentation because:

A. The instrumentittion is capable of measuring qualities

Vietween 0.77 and 1.0

B. Ground tests have indicated the separator will either

perate with no notinable amount of liquid vented

or with a considerable amount of liquid vented.

Quality of fluid entering the separator can be expressed un

x - WIgi/lYT (See Appendix)

where x - fluid quality

Wgi - ideal gas flow rate of 100 lb/hr

WT . total fluid flow rate

The limits of accurat* fluid quality measurements are for

WT - 100 lb/hr (x-l.0) aud IVT  130 lb/hr (x-0.77). Within

these limits fluid quality with an accuracy of 2% will be

measured (assumiag W i in known exactly). Should fluid with

a quality of 0.77 be vented during the-rdaximum heating

trajectory mission, the adlitional payload loss would be

approximately 27 pounds more than venting with a fluid qual'*ty

of 1.0. Because this payload loss cannot be tolerated the

existing quality range is suffirient for evaluating the zero-g

separator.

The payload loss attributed to a vent fluid quality of 0.77

- re tn-s on!yit f P------c *n t ffeflftillflflfl -- ! C.-Cn

The existance of heat exchangers reduces the net loss because

of the oxchanifers ability to transfer energy from tank fluid

to 'ent fluid,,



AE62-0238
1 March 1962

Thermodynamic quality of fluid exiting the tank is defined as&,

X - Hx-Hs1 (see Appendix)
H
ev

where

X- thermodynmic quality

11 X enthalpy of exiting vent fluid B/lbx

if 3 - eathalpy of saturated liquid at tank pressure B/lb

H - heat of evaporation at tank pressure B/lbev

H 1 will be measured at the heat exchanger nutlet which thermo-

dynamically is the tank exit since energy exchange between

vent and tank fluid cease at the exchanger. H will be de-I

termined from pressure, temperature, and differential temper-

ature measurements at the exchanger. H and H will be

determined from tank pressure measurements ( .ssuming the liquid

is saturated at tank pressure). The accuracy of the quality

measurement will be within + 0.21 %

The same limitations exist for measuring thermodynamic quality

as with fluid quality; vent flow rates cannot exceed 170 lb/hro

The exit enthalpy will be determined from pressure and temper-

ature measurements. However, to measure enthalpy, 100% vapor

must exist at the exit because enthalpy measurements for a

mixture cannot be found from rressures and temperatures alone.

Therefore, quality measurements will be obtained up to vent

rates of 130 lb/hr.
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IV. VENT FLUI1) FLOW RATES

The flow meter will adequately and accurately measure the total

mass flow of fluid vented during the coast periods if the

separitor performs within the fluid quality range of 0.77 to

1.0. If the sepagrator does not perform near the 100% quality

condition, ground tests indicate mostly liquid will be vented.

It is unlikely that a mass flow meter will be developed, in

the immediate future which is capable of measuring flow rates

over such a wide quality range. In addition, flow measurements

in the low fluid quality range are unnecessary because this

representp an extreme condition which cannot be tolerated and

modificationz of future separators would be made to prevent

recurrance.

7
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V. OTHER HETHODS OF MEASURING BIL-OFF

An investigation was made to determine if existinq instrumen-

tation could be used for meaisuring the total quantity of hydrogen

vented during coast periods. The two instruments capable of

this measurement are the low-g accelerometer and the liquid-gas

sensors. Tht accelerometer is able to measure the difference

between vehicle weights at the beginning and following a coastli

period within an accuracy of 500-500 Iba.', The accuracy is un-
/

suitable for Centaur application. The sensors must detect the

liquid level before atid after a coast period. A calculation

indicated that the hydrogen me aurement error would be + 34.6 lbs

and + 30 lb. for the first and second coast periods respectively,

assuming a liquid level sensing accuracy of + 1/2 inch. A

hydrogen error of 15 lb. is included because of the uncertainty

of the hydrogen mass required for pump chilldown. A maximum

of 25 lb. and 127 lb. of hydrogen are exp.cted to be vented

overboard (luring the first and second coast periods of a typical

Centaur vehicle. Hence, only for second coast period boil-off

can the sensors furnish usable data.

8
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VI. EYPECTED F-i & F-2 FLIGHT TEST RESULTS

Telemetered duta from F-1 and F-2 flights will yield sufficient

Inform.ttioi to determine fluid quality entering the zern-g

separator within the limits previously discussed. The totl

mans of hydrogen vented will not be known, however, because

larKe quantities will be vented through a tube by-passing the

flow measurements. Even if all hydrogen was v nted through a

conmon line, flow easurem,-nts still could riot be obtained

because a flow meter is not available to measure the high flow

rates expected. For these flights, however, the liquid sensors

will yield the total overboard h> Iro en flow within the error

limits previously discussed.

9
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V11. CONCIJ1'SIONS

The existing instrumentation appears to be adequate for

evaluating hydlrogen boil-off, the effectivoness of tile sep-

arator and separator-hent exchanger combination to vent vapor

only. Support testing is needed, however, to improve fluid

quali t. me;tsuretuent accuracy and to dleterm~ine the capabili ties

of the mamst flow meter.

Fluid pial ity ,ileasurements are dependent upon the ideal gas

flow rate through the separator. Presently this v.Jue is

kniown only appuroximnatoely. Tests shouldc be conducted to accu-

rately determine the ideal flow rate for all separators.

Presently mass flow nieasurements are dependent upon 100%

vapor flow through tile separ..tor or a 50 lb/hr computed evap-

oration rate of liquid. __The mass flow meter should remain

free of limitations upon its perfar.uince and bence should be

cap able of measuring the mass flow of a hydrugen mixture.

This will be especially true if future vent systems are not

equipped with hecatl exchangers to evaporate liquid vented over-

board. It is imperative that capabilities exist for measuring

mass flow rates of liquid-gas mixtures in order to adequately

evaluate future zero-1; vent systems. therefore, efforts are

being mande by GDI'A to initiuate a proposal recommending add-

itional flow meter tests to establish it's capabilities for

two phase flow measurements.

10
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Flights F-I nd F-2 should yield Pufficient information to

evaluate selparttor perforcnance. But total vent flow will not

be obtained from vent system instrumentation, because fluid

vented through the boil-off valve will b.-pass the instrumen-

tation. For these flights, however, the liquid sensors will

yield the total overboard hydrogen flow.

II
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APPENDIX

QUALITY MEASURMIENTS OF VENTED HYDROGEN

Fluid Quality

Fluid quality in a flow stream is dfined as

where x - fluid quality

= -gas mass flow rate

Vj = liquid mass flow rate

r total mass flow rate

A slight modification of equation (1) can be used to determine the

quality of hydrogen entering the zero-g separator.

It has been determined that an ideal gas flow rate of 100 lb/hr will

exist through the separator with LH2 tank conditions of 21 psia and

38o8 0R. A greater mass flow rate is an indication that liquid droplets

exist in the gas stream. Assuming the volumetric flow of fluid

vented is constant for small quantities of liquid in the gas stream,

we have:

+ (2)

where - ideal GH2, volumetric flow rate 926 ft3/hr

V GH2 volumetric flow rate ft
3/hr

LH2 volumetric flow rate ft
3/hr

12
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The heat exchangers, dewnstream of the separator, are capable of

exaporating 30 lb/hr of LH 2 . This in the maximum liquid flow rate

which can accurately be measured by the flow meter and, therefore,

the lowest quality which can be measured. The liquid flow rate is
3

equivalent to a volume flow of 6.8 ft /hr.

Solving for . from equation (2),

1 I.007.3 - /-0

Therefore , (3)

Substituting equation (3) into (1),

p

X (4)
Wr

Since im knownlonly W/r is required to determine quality.

The accuracy of the quality measurement can be found by operating on

equation (4)

-r (5)i

.02 (given from flow weter accuracy)

-1_ . unknown

if __ - 0 - .02 - 2% uncertainty.

13
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If _ .02 (assuming same flow meter accuracy as for flight)

.028 - 2.8% uncertainty.

Thermodynamic Quality

Thermodynamic quality of a fluid mixture is defined as

/SV - /-L (6)

where X . thermodynamic quality

X enthalpy of fluid mixture B/lb

Hsi- enthalpy of saturated liquid @ reference pressure B/lb

91- w enthalpy of saturated vapor 0 reference pressure B/lb

heat ef evaporation @ reference pressure B/lb.

This definition can be applied to a superheated fluid as well as by

re-defining Hx. Thus,

-W a enthalpy of fluid (super heated or mixture) B/lb

Because the measurement will reflect the thermodyamic quality of fluid

exiting the Centaur fuel tank, both 1/1 and //, are values which will be

referenced to fuel tank pressure, and,//. is the enthalpy of the fluid

exiting the fuel tank. Operating on equation (6) to determine

measurement accuracy we have,

( )d - I " . 2 / - d i t !' -), . ( 7 )
X (14- ":z WIsU - 15

Both tIcv and Mszremain essentially constant in the region of interest.

Conaequely, as an approximation, dIev = 0 and 0 =.

Therefore

dX - (8)

14
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Before equation (8) can be evaluated, the role of the heat exchanger

and related instrumentation should be discussed. A schematio of the

exchanger and vent fluid state properties are given below.

P-

P ,

I--e I .,v t

1450
WICsT: S

:1V vw
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The vent fluid mixture which exits the separator will enter the

exchang-r at temperature T'v . Heat transfer from the tank fluid,

while flo-ring through the heat exchanger, will evaporate the venting

liquid and perhaps increase vent fluid temperature; under the expected

vent conditions all liquid should evaporate before leaving the

exchanger. A differential temperature transducer will measure

temperature rise across the exchanger and a liquid detector will

detect the presence of droplets in the vent gas stream. In order for

enthalpy measurements to be valid, 100% vapor must exit the exchanger.

Therefore the detector must "read" vapor. When 4T (the differential

temperature rise) is zero, a saturated vapor at enthalpy I'sv exits

the exchanger; v , will be determined from a absolute pressure

measurement. Should AT be greater than z ro the vapor will be super

heated at temperature Ty and the enthalpy U, will be found from the

pressure and differential temperature measurements.

To determine quality measurement error, the following was performed:

= - Pu) [4. it ( -j',p)

(4 &Wx 4 ( LtC5 .L w(Z

where W' - heat of evaporation of exit pressure B/lb

s. saturated vapor enthalpy at exit pressure B/lb

Hlstl= saturated liquid at exit pressure B/lb

U,. exit fluid differential super heat enthalpy B/lb.

The terms within the bracket are small and may become negligible by

virtue of having op!)osite signs. Thus

16) (10)

16
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Also, JLfG dLr 4~ WJ5v]Z C P T T~, +V1I

dfCP U~ 4 WI5v]

C p (C7) 4 d(I.',,)

The e-ror in dotormining H',,will be quite small because very accurate

pressure measurements will be obtained. Therefore, d(Ww v) '0 and,

C0

Inserting equations (10) and (11) into (8)

d.p.( :T) = (12)

when exit pressure is 2.0 psia and the differential temperature

accuracy is + 0.16 0R.

The quality measurement error may be as great as 0.3% if the other

small measurement errors are included.

17
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